Microwave synthesis of carbon onions in fractal aggregates using heavy oil as a precursor The past three decades have seen important discoveries in the synthesis and applications of carbon nanostructures. This was initiated by the discovery of C60 Fullerene which was first reported by Kroto et al. [1] , followed by carbon nanotubes reported by Iijima [2] . Carbon onions (or onion-like carbon) were discovered earlier by Iijima [3] , however, they were first described by Ugarte [4] who prepared carbon onions by exposing amorphous carbon particles to a high-intensity electron beam. Carbon onions are identified by their spherical or polyhedral shape with concentric disordered graphitic shells/layers. They can have a diameter ranging from 5 to 100 nm [5] . Their significance comes from their unique electric and dielectric properties as well as their nanoscopic size and high surface area, making them attractive candidates for applications such as electrochemical energy storage [5, 6] , electromagnetic shielding and heating [7] , catalysis [8] , solid lubricants [9] , and composite materials [10] .
Besides electron beam irradiation, carbon onions can be prepared by other methods among which the most widely used are electric arc discharge, thermal annealing and flame pyrolysis. In the electric arc discharge method, a DC current is passed through a graphite rod (anode) placed in an inert atmosphere. The high temperature generated by the arc discharge evaporates the graphite generating carbon neutrals and ions which deposit on the surface of the cathode, forming the carbon onions [11] . Flame pyrolysis involves burning a simple hydrocarbon such as acetylene in an oxygen-deficient environment. Combustion produces the heat required for the hydrocarbon decomposition. Carbon onions then grow out of the decomposition products [12] . In the thermal annealing method, sp 3 -hybridised carbon nanoparticles such as nanodiamonds are heated in an inert atmosphere leading to sp 3 -sp 2 transformation (graphitisation). sp 3 -sp 2 transformation of nanodiamonds happens in the temperature range between~600 and !1700 C [5, 13] . Thermal annealing of nanodiamonds has recently received attention due to its ability to produce carbon onions with well-defined particle size, however the nanodiamond raw materials needed for the process are expensive.
In this work we report a method for preparing carbon onions using microwave energy as the heating method and crude heavy oil as the precursor. Microwave heating is a selective and volumetric heating technique. Heating is achieved instantaneously as a result of the interaction of the electromagnetic field with the material at the molecular level. This allows targeting of microwave absorbers without the need to preheat the entire environment. It also allows for rapid heating because the process is not restricted by the temperature gradient and the heat transfer coefficients as in the cases of conventional conductive and convective heating methods.
The microwave heating technique has been previously used for preparing carbon nanostructures such as carbon nanotubes [14] carbon fibres [15e17], carbon filaments [18] and carbon nanodots [19] . It has also been used for preparing carbon onions, however this was either from a pre-processed amorphous carbon [20] or refined hydrocarbons [21] rather than direct synthesis from the crude material.
The present study demonstrates that carbon onions can be prepared from a cheap, unrefined precursor. Crude heavy oil with properties similar to the one used in the present study costs around 38 US dollar per bbl [22] . This corresponds to only~0.28 US dollar per kg carbon assuming 89% carbon content and specific gravity of 0.97 [23] compared to~2500 US dollar per kg for nanodiamonds [5] . Crude heavy oil is also cheaper than the refined hydrocarbons like acetylene and methane, which are commonly used as precursors for preparing carbon onions [24] . The present study also shows the formation of a several-centimetres long fractal structure, which is thought to grow through aggregation of carbon onions and further deposition of pyrolytic carbon.
One of the possible industrial applications of this fractal growth of carbon tree within a heavy oil medium is in the downhole microwave-assisted thermal recovery and upgrading of heavy oil. The growth of carbon trees would act as an in-situ production of a microwave susceptor within the oil reservoir which can improve the efficiency and effectiveness of electromagnetic-to-thermal energy conversion. This work is a proof-of-concept study in which the formation and growth mechanisms of the carbon structures within the oil medium will be discussed in detail and linked to the microwave heating effect.
Experimental
The experimental setup involved heating heavy oil mixed with a carbon catalyst in a Discover-SP microwave heating apparatus (CEM Corporation, USA). Fig. 1 shows a schematic of the microwave heating system. It includes a 35 mL quartz tube placed in a microwave heating cavity.
The system is equipped with a magnetic stirrer and an IR thermometer directed towards the bottom of the quartz tube. The system is set to hold an internal pressure of up to 20 bar before it vents automatically. The heavy oil used in this study was supplied by Touchstone Exploration Inc. Canada. The properties of the oil, which was produced though Toe-to-Heel Air Injection (THAI) technology, are listed in Table 1 . During the experiments, typically, 10 g of the THAI oil was mixed with 0.5 g carbon catalyst in the quartz tube. The carbon catalyst was a 50:50 w/w mixture of activated carbon and NiO-MoO 3 /g-Al 2 O 3 . The purpose of the catalyst was the catalytic upgrading of the heavy oil. Details of the catalyst preparation steps can be found in the supplementary information document. The quartz tube was purged with nitrogen before being covered with a PTFE/silicone septa cap. The heating system was then assembled as shown in Fig. 1 .
The formed solid was filtered using a 37 mm wire mesh. The solid was then washed with xylene, followed by isopropanol before drying in an electric oven at 105 C. Elemental analysis was carried out using a LECO CHN628 elemental analyser (LECO Corporation, USA), which showed 94.7 ± 2.5% C, 2.0 ± 0.5% H, and 0.62 ± 0.24 N; all weight percentages. The solid carbon was then characterised using different techniques including high-resolution transmission electron microscopy (HRTEM), scanning electron microscopy (SEM), Raman Spectroscopy and gas sorption. HRTEM was performed on a JEOL 2100F FEG-TEM (JEOL Ltd., Japan) operated at 200 kV. For TEM analysis the samples were first ground using a mortar and pestle. The powders were then dispersed in isopropanol before sprinkling them onto the carbon TEM grid for investigation. SEM microscopy was performed on a JEOL 7100F FEG-SEM microscope (JEOL Ltd., Japan) operated at 10 kV. The samples were mounted on steel sample holders with adhesive carbon tape. Two types of sample were used for SEM microscopy: powder sample ground with a mortar and pestle and unground branches taken from the bottom part (root) of the formed solid. Prior to SEM imaging, the samples were coated with Iridium in a Quorum Q150T ES coater (Quorum Technologies Ltd., UK). Raman spectra were recorded using a LabRAM HR spectrometer (HoribaJobin-Yvon) with a laser wavelength of 532 nm, operating at a power of approximately 0.3 mW.
Gas sorption analysis was carried out using a Micrometrics ASAP 2420 instrument (Micromeritics Instrument Corp., USA). Prior to the analysis, the samples were outgassed at 120 C for 15 h under vacuum conditions. N 2 sorption isotherms were carried out at À196 C from 0.001 to 0.998 relative pressure (P/P o ). In addition, CO 2 adsorption isotherms were carried out at 0 C from 0.012 Â 10 À3 to 0.034 relative pressure to investigate signs of activated diffusion or narrow micropores inhibiting N 2 adsorption. BrunauereEmmetteTeller (BET) and Dubinin-Raduskevich (D-R) models were used for calculating the surface area and pore volume. The Calculations were performed using an interactive data analysis software, MicroActive V 4.03.01 (Micromeritics Instrument Corp., USA). The dielectric properties of the formed solids were measured in a cylindrical cavity using the cavity perturbation technique. The dielectric properties define the material's interaction with the electromagnetic field. The dielectric constant is related to the ability of a material to be polarised and store electromagnetic energy, whilst the loss factor determines the ability of a material to convert electromagnetic energy into heat. The loss tangent, which is the ratio of the loss factor to the dielectric constant, is a measure of the efficiency of energy conversion [26] . Details of the dielectric measurement system can be found elsewhere [25] . Ground samples were loaded into a 3 mm i.d quartz tube supported on porous glass fibre. The tube was purged with nitrogen flowing at 5 mL/min to avoid oxidation at high temperatures. The dielectric measurements were performed at different temperatures starting from 20 up to 1100 C. The dielectric properties of pulverised solids are affected by the packing density of the solid as it considers the voids as part of the material. The measured dielectric properties were therefore corrected using the Landau-Lifshitz-Looyenga's formula following the method reported by Nelson [27] which considers the powder as a solid-air mixture.
Results and discussion
Fig. 2 shows typical power, temperature and pressure profile during microwave heating of the heavy oil. The oil was first heated at 50 W for 5 min followed by 150 W for 2 min. The aim of this lowpower heating period was to gradually increase the temperature of the oil to around 100 C to reduce its viscosity and improve mixing. There was no evidence of solid formation during this low-power preheating period. The power was then increased to 300 W. A sharp pressure increase can be seen in Fig. 2 30 s into the highpower heating region, indicating the start of solid carbon formation. This sharp increase in pressure can be attributed to the formation of volatiles following the pyrolysis and gasification of the oil around the solid carbon formed. Fig. 3 shows images of the products obtained after heating the oil for 60 s in the high-power region. A several-centimetre long fractal structure with tree-like shape was formed. The bottom part, which will be called the 'root', is mostly concentrated around the oil interface with part of it completely immersed in the oil. The top part of the carbon tree, which will be called the 'stem', emerges from the root section above the oil level. The root has a fibrous macro-structure with thin branches, whereas the stem section consists of one or more members with more than 1.0 mm thickness. Fig. 4 indicates a relationship between the quantity of the solid formed and the maximum pressure reached during heating. This supports what has been proposed earlier in this section that the increase in the internal pressure during microwave heating is caused by the pyrolysis and gasification of the oil around the carbon formed. The weight of the catalyst collected after filtration, washing and drying was within ±0.01 g of the initial mass, whereas up to 0.13 g solid carbon was formed during microwave heating as shown in Fig. 4 . This confirms that the solid carbon formed during microwave heating came from the oil and not from the solid catalyst.
Morphology and nanostructure
The morphology and nanostructure of the carbon tree was studied using SEM and HRTEM. Fig. 5 displays SEM images for samples taken from the root and stem sections of the carbon tree. More SEM images can be found in Figures S1-S3 in the supplementary information document. The SEM images show a fractal structure of particle with sizes ranging from tens to hundreds of nanometres. It was observed that the size of the particles in the stem section of the carbon tree is, in general, larger than those in the root section.
SEM images for uncrushed branches taken from the root section of the carbon tree are displayed in Fig. 6 . It can be seen that the entire structure is predominantly made of networks of small particles of the order of tens to hundreds of nanometres. Fig. 7 shows HRTEM images obtained for samples taken from the root and stem sections of the carbon tree. The HRTEM images reveal the presence of disordered graphitic structures including carbon onions with diameters as small as 30 nm (Fig. 7 (a) and (b) ), as well as curved concentric graphitic structures with radius of curvature larger than 100 nm (Fig. 7 (c) ). Evidence for these graphitic layers can be seen in the SEM images in Fig. 5 (c) and in Figures S1 and S2 in the supplementary information document. The interlayer spacing between the disordered graphitic layers was calculated by processing the HRTEM images using image processing software, ImageJ 1.48v (NIH, USA). The processed images together with examples of the calculated interlayer spacing can be found in Fig. 5S in the supplementary information document. The interlayer spacing in the carbon onions was found to be in the range 0.27e0.30 nm. For the larger curved graphitic structures, interlayer spacing in the range 0.38e0.44 nm were detected. Highly ordered planar graphite has an interlayer spacing of~0.34 nm [28, 29] . However, the spacing is affected by the degree of ordering and the diameter of curvature [29, 30] which explains the wide range of interlayer spacing observed in the present study. Fig. 8 shows normalised Raman spectra for samples taken from the root and stem parts of the carbon tree. Both are typical spectra for disordered graphitic structures with two predominant peaks; one at~1596 cm À1 while the other is at~1345 cm
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. The former corresponds to the G-mode which arises from the vibration in the planar graphitic layers between the sp 2 carbon atoms. The latter corresponds to the D-mode (disordered mode) which is related to the breathing of hexagonal carbon rings with defects [31, 32] . The Gmode of planar graphite is usually located at~1582 cm
. However, non-planar graphitic structures usually experience a shift in the signal position due to bond bending caused by shell curvature [31] . These Raman spectra support the HRTEM results (Fig. 7) that the solid carbon consists, mainly, of carbon onions with disordered graphite structures. 
Surface area
Gas sorption experiments were first run with N 2 at À196 C. The isotherms obtained can be found in Figures S6 in the supplementary information document. The BET surface area calculated from the N 2 isotherms was only 1.7 and 7.6 m 2 /g for the stem and root sections of the carbon tree, respectively. However, CO 2 sorption at 0 C revealed the presence of micropores which added significantly to the surface area. The CO 2 sorption isotherms can be found in Figures S7 in the supplementary information document. Table 2 shows the specific surface area and pore volume calculated from CO 2 adsorption isotherms at 0 C using Dubinin-Radushkevich (D-R) method. The D-R method is considered a more reliable tool for obtaining the surface area and pore volume of microporous materials compared to the more widely used, BET method [33e35]. The significantly higher surface areas obtained from CO 2 adsorption at 0 C compared to those from N 2 adsorption at À196 C indicates that most of the pores are micropores. Due to the low critical temperature of N 2 , its sorption isotherms are carried out at low temperatures and low relative pressures. However, at low temperature and very low pressures the rate of gas diffusion into micropores is extremely slow, which restricts equilibration and results in an underestimated surface area [34] . Evidence for this restricted diffusion and equilibration can be seen in the low-pressure hysteresis in the N 2 isotherms ( Figure S6 in the supplementary information document). CO 2 has a higher critical temperature compared to N 2 , and thus its sorption isotherms can be carried out at higher temperatures and higher relative pressures which improves the diffusion rate into micropores and accelerates equilibration. It can be seen from Table 2 that the root section of the carbon tree has significantly greater surface area and pore volume than those of the stem part. This can be related to the presence of particles with smaller sizes in the root section as observed in the SEM images.
The average diameter of the particles could be estimated from the specific surface area by assuming spherical particles whose full surface is available for gas adsorption:
where d, S and r are the average diameter (m), specific surface area (m 2 /g) and the density of the particles (kg/m 3 ) respectively.
Assuming the particles are mostly carbon onions whose specific gravity is 1.9 [5] , and substituting for the surface area from the values listed in Table 2 gives average particle diameters of 19.2 and 39 nm for the root and stem sections, respectively. However, the smallest diameter detected in the SEM and HRTEM were~50 nm and~30 nm respectively. This indicates that there are other adsorption sites beyond just a smooth external surface. Previous studies on carbon onions suggested that the higher surface area calculated from gas sorption compared to that obtained from electron microscopy is caused by the surface roughness creating additional adsorption sites [36] . Previously, Zeiger, et al. [13] showed that carbon onions prepared through thermal annealing of nanodiamonds with 5e15 nm diameter could have a specific surface area of up to 493 m 2 /g. This higher specific surface area compared to the 164 m 2 /g seen in the present study is because of the smaller particle size produced through thermal annealing. Future studies to investigate the effect of the processing parameters on the size of the formed particles as a way to improve the surface area. Additionally, the surface area in the current study was obtained for samples taken from the bulk products. The surface area can, therefore, be improved also by either minimising the fraction of the other carbon structures within the bulk product or separating the formed carbon onions from the other carbon structures.
Formation and growth mechanism
This study revealed the formation of two unique features during microwave processing of heavy oil. The first is the disordered graphitic structures, specifically carbon onions, at the nano-scale. The second is the fractal structures and the growth of a carbon tree at the micro-and macro-scale. In this section we present our understanding of the formation mechanism of these features, and link this to the microwave heating effect.
Nano-scale features
Previous studies of carbon onion synthesis suggested different formation mechanisms for different synthesis methods. One of the early published attempts to understand the formation mechanism of carbon onions was the work reported by Saito [11] which was based on the arc discharge synthesis method. It was suggested that carbon neutrals (C and C 2 ) and ions, evaporated from the graphite in the anode, deposit and coagulate on the surface of the cathode forming small clusters which grow up to form larger particles. The structure of these particles at this stage were believed to be amorphous with high structural fluidity due to the high temperature. As new carbon particles start to grow surrounding the previously grown particles, graphitisation starts to take place in the previously grown particles beginning from the external layers and progressing towards the centre following the direction of cooling. Thermal annealing is another synthesis method with a distinctive formation mechanism. The sp 3 -sp 2 transformation and graphitic shells formation during the thermal annealing involves desorption of the functional groups and reconstruction of the dangling bonds and amorphous carbon. Graphitisation is believed to progress from the outer layers of the nanoparticle towards the inside [5] . This suggested mechanism was supported by experimental results which involved comparing the nanostructure of carbon onions prepared from nanodiamonds at different temperatures [5, 13] . The similarity between the arc discharge and thermal annealing mechanisms is the outside-to-inside formation of the graphitic layers starting from an amorphous structure. The main difference is that in the arc discharge method the amorphous structure is an intermediate state formed during the process. Vander Wal and Tomasek [12] suggested a fundamentally different mechanism for the formation and growth of carbon onions. Their suggested mechanism was based on observations from carbon onion synthesis through thermal pyrolysis using different hydrocarbons in conditions similar to flame pyrolysis. They dismissed the hypothesis of the formation of intermediate amorphous carbon (carbonisation) prior to the sp 3 -sp 2 transition (graphitisation) on the ground that the temperature and the heating time during the flame pyrolysis were not sufficient for significant structural changes once the carbonisation takes place. Instead, they proposed a mechanism that involves decomposition/pyrolysis of the hydrocarbon precursor into their basic C 2 fragments, followed by nucleation and surface growth. They suggested that these steps may overlap during the process. We propose that the onion-like structures in the present study were formed through the pyrolysis, nucleation, and surface-growth mechanism. The process starts when a carbon catalyst at a hot-spot, i.e. an area of high electric field intensity, heats to a higher temperature than the rest of the catalyst particle. The loss factor of carbon materials is known to increase with temperature. Thus, the loss factor at the hot-spot increases above that of the surroundings, leading to higher temperatures and further increase in loss factora phenomenon known as thermal runaway. At high temperatures when the heat flow exceeds the critical heat flux, a gas/vapour film is created around the overheated carbon catalyst. The high temperature also decomposes the oil into lighter hydrocarbons, including C 2 fragments which are needed for the nucleation and growth of the carbon onions [12, 37] . The nucleation and growth, as described by Vander Wal and Tomasek [12] , take place in this gas/ vapour film. The grown carbon onion particles then deposit on the surface of the carbon catalyst. Further deposition of pyrolytic carbon structures could take place, increasing the size of the deposited particles [38, 39] .
Macro-scale features
The carbon tree is suggested to grow through aggregation of the carbon onions and further deposition of pyrolytic carbon. Like the carbon catalyst, the deposited carbons are good microwave absorbers and, as can be seen in Fig. 9 , their loss tangent is significantly higher than that of the THAI oil, particularly at high temperatures. This allows the deposited carbons to be selectively heated to high temperature and to maintain a gas/vapour film around them where the pyrolysis, nucleation, growth and aggregation of carbon onions can continue to take place as illustrated by Fig. 10 .
The growth of the carbon tree can extend to the gas/vapour phase above the liquid level. In this case, the C 2 fragments needed for the nucleation and growth could come from the products of pyrolysis in the liquid or from the pyrolysis in the vapour phase.
The electric field distribution may play a role in determining the shape and growth direction of the carbon tree branches. Fig. 11 shows examples of the electric field distribution around a 2 mm i.d. rod with dielectric properties equivalent to those of the carbon tree at an intermediate temperature, 500 C, simulated using COMSOL Multiphysics ® v5.3. The details of the simulation parameters can be found in the supplementary information document. Fig. 11 (a) shows that when the rod axis is parallel to the direction of the electric field, hot spots with high electric field intensity appear at the longitudinal ends of the rod. These hot-spots would create a good environment for the formation of carbon onions. Such configuration favours the longitudinal growth and, thus, explains the vertical growth of the stem part of the carbon tree. However, a different configuration is observed when the rod axis is perpendicular to the direction of the electric field as can be seen in Fig. 11 (b). In this case, the electric field intensity around the rod circumference in the radial direction is, in general, higher than it is at the longitudinal ends. Hot-spots may appear in the corners as displayed in Fig. 11 (b) . This configuration may be responsible for the branched growth in the root part of the carbon tree.
Opportunities and potential industrial applications
Carbon onions have been considered as attractive candidates for many applications due to their unique electrical and dielectric properties together with their high surface area. The surface area of the carbon onions obtained in the present study is smaller than that of carbon onions produced through thermal annealing of nanodiamonds in previous studies. However, the surface area could be increased if the processing parameters can be adjusted to control the size of the particles formed.
It has been shown that carbon onions could be prepared rapidly and at low bulk temperatures form a cheap liquid precursor, exploiting the selective and volumetric nature of microwave heating. Carbon onions in the present study were prepared within a timescale of only 60 s. In contrast, thermal annealing of nanodiamonds is usually achieved in a timescale in the order of hours [5, 13] . The selective heating nature of microwaves allowed the process to be carried out in low bulk temperatures as microwave heating is directly targeted at the carbon catalyst and, later, the deposited carbon with no need to excessively preheat their surroundings. The bulk temperature measured at the end of the microwave processing in the current study was only~150 C (Fig. 2) . Processing under such mild conditions could bring technical and economic advantages when considering scaling-up. This microwave synthesis technique allows, in principle, for higher carbon conversion compared to other pyrolysis-based techniques such as flame pyrolysis in which a significant fraction of the carbon precursor is burnt to generate the heat required to keep the temperature at the pyrolysis/decomposition temperature. The yield achieved in this study was limited by the size of the reactor and the maximum pressure it can handle. However, with an improved reactor design higher yields are possible.
One of the potential industrial applications for the fractal growth of the microwave-absorbing carbon tree within a heavy oil medium is in the microwave-assisted thermal recovery and upgrading of heavy oil. The benefits of using microwave heating for downhole applications is that the electromagnetic field can penetrate the rock matrix, allowing heating to take place a significant distance away from the electromagnetic source. The fractal growth of carbon trees would act as an in-situ production of a microwave susceptor within the oil reservoir which can improve the efficiency of the electromagnetic-to-thermal energy conversion.
Conclusions
This study showed that microwave heating of heavy oil mixed with carbon catalyst leads to the fractal growth of severalcentimetre long carbon trees, with branched roots and one or more stems emerging from the oil. A relationship was observed between the quantity of the solid formed and the maximum pressure reached during heating. The increase in the internal pressure during microwave heating was attributed to the pyrolysis and gasification of the oil around the formed carbon. The morphology and nanostructure of the solid carbon formed were characterised with SEM and HRTEM. The SEM images showed that the structure is largely made of networks of small particles with diameters of the order of tens to hundreds of nanometres. The HRTEM images revealed the presence of disordered graphitic structures including carbon onions with diameters as small as 30 nm as well as curved concentric graphitic structures with a radius of curvature larger than 100 nm. This was confirmed by the Raman spectra which showed two predominant peaks at 1596 cm À1 and~1345 cm
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, a typical spectrum for carbon onions Fig. 9 . Dielectric loss tangent of solid carbon taken from different parts of the carbon tree as a function of temperature at 2.47 GHz. The density was corrected using LandauLifshitz-Looyenga's formula using carbon onions' density of 1.9 g/cm3. The graph also includes the dielectric properties of the THAI oil which was replotted from a previous work [25] . The dielectric constant and loss factor can be found in Figure S8 in the Supplementary information document.
with disordered graphitic structures. CO 2 gas sorption results gave a surface area of 81 m 2 /g and 164 m 2 /g for the stem and root parts of the carbon tree respectively.
This variation was attributed to the smaller particle sizes seen in the root compared to those in the stem. The surface area could be further increased if the processing parameters can be adjusted to control the size of the particles formed. It is proposed that the carbon onions were formed through pyrolysis of the heavy oil into lighter hydrocarbons, including C 2 fragments, followed by nucleation and surface growth of the concentric graphitic layers. The carbon tree is thought to grow through the aggregation of carbon onions and further deposition of pyrolytic carbon, with the electric field configuration supporting the longitudinal growth of the branches when the branch axis is parallel to the direction of the electric field. This study demonstrates that carbon onions can be prepared rapidly from a cheap unrefined precursor such as heavy oil, exploiting the selective and volumetric features of microwave heating. Future studies to investigate methods to improve the yield and quality of the produced carbon onions. The effect of the different processing parameters such as the applied power and heating time on the size and quality of the produced carbon onions to be studied. This would allow for optimising the process to produce onions with the required size and properties. Future work is to study, also, the effect of the chemical and physical properties of the oil precursor on the nanostructure of the produced carbon onions. More work is needed for a deeper understanding of the effect of the electric field distribution inside the microwave heating cavity on the micro-and macro-structure of the carbon tree as well as its direction of growth.
